When exposed to antigens, naïve B cells differentiate into different types of effector cells: antibody-producing plasma cells, germinal center cells, or memory cells. Whether an individual naïve B cell can produce all of these different cell fates remains unclear. Using a limiting dilution approach, we found that many individual naïve B cells produced only one type of effector cell subset, whereas others produced all subsets. The capacity to differentiate into multiple subsets was a characteristic of clonal populations that divided many times and resisted apoptosis, but was independent of isotype switching. Antigen receptor affinity also influenced effector cell differentiation. These findings suggest that diverse effector cell types arise in the primary immune response as a result of heterogeneity in responses by individual naïve B cells.
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A ntibody production results from a differentiation process that begins when the surface form of immunoglobulin (Ig) known as the B cell receptor (BCR) on a naïve B cell binds an antigen (1, 2) . BCR signaling causes the B cell to migrate to the border of the T cell zone, where it receives signals from T cells (3, 4) . These signals cause the B cell to proliferate and differentiate into several types of effector cells, including short-lived plasma cells, germinal center (GC) cells, and GC-independent memory cells (1, 2). GC cells then undergo somatic hypermutation in their Ig genes, and cells with mutations that improve BCR affinity for antigen are selected to become GC-dependent memory or plasma cells (1, 2) .
Despite the importance of this process to immunity and vaccination, it is unclear how individual naïve B cells simultaneously produce all of the early effector cell types. Some studies suggest that different naïve B cell clones only produce a single effector subset, depending on BCR affinity for antigen (5) (6) (7) (8) or intrinsic stochastic biases of the responding clonal population (9) . Alternatively, each naïve B cell may produce all effector cell types, as suggested by recent work on naïve T cells (10) (11) (12) (13) .
We addressed these possibilities by tracking the fates of antigen-specific naïve B cells during the primary immune response to the protein antigen allophycocyanin (APC). Using a sensitive antigen-based cell enrichment method (14) , we found that the spleen and lymph nodes of a C57BL/6 (B6) mouse contained about 4000 polyclonal APC-specific naïve B cells, which produced 100,000 effector cells 7 days after immunization with APC in complete Freund's adjuvant (CFA) (Fig. 1, A (Fig. 1, C and D, and fig. S1 ).
In vivo limiting dilution was used to assess the multipotentiality of a single APC-specific naïve B cell. Before limiting dilution could be achieved, it was necessary to determine the fraction of APCspecific naïve B cells that responded to immunization. Twenty million B cells from CD45.1 + mice that were never exposed to APC were labeled with the cell division-tracking dye carboxyfluorescein succinimidyl ester (CFSE) (16) and transferred into CD45.2 + recipients. Donor-derived APC-specific B cells were CFSE high 7 days after immunization with CFA alone, which is indicative of cells that had not divided (Fig. 1E) . After the injection of APC in CFA, most donor APCspecific B cells were CFSE low , and the CFSE high population was 33% smaller than in mice injected with CFA alone (Fig. 1 , E and F). These results indicated that one in three APC-specific naïve B cells, or 1 in 60,000 total B cells, proliferated in mice immunized with APC. The 33% response frequency of APC-specific naïve B cells was not a limitation of the CFSE dilution assay, because 97 to 100% of naïve MD4 B cells proliferated ( fig. S2 ) after the injection of hen egg lysozyme (HEL) or duck egg lysozyme (DEL), for which the MD4 BCR has a high or medium affinity, respectively (17) . Thus, the 33% responder frequency was a feature of the polyclonal APC-specific B cell population under these immunization conditions.
Limiting dilution experiments were then performed, based on the above knowledge and the fact that 7.7 T 2.8% (n = 116 recipients) of donor naïve B cells survive after transfer. (Fig. 2, B and C) . Based on the Poisson distribution (18) , over 91% of the donor-derived populations in this group were the progeny of a single naïve B cell.
Extensive effector cell heterogeneity was observed in the progeny of individual naïve B cells. Single naïve B cells produced between 4 and 957 progeny, with a median of 16 (Fig. 2C) . The polyclonal naïve cell populations of recipient origin produced all effector cell subsets, but 35 of the 74 clonal populations (44%) contained only plasma cells, only GC cells, only GC-independent memory cells, or only AP cells (Fig. 2, D and E) . Four clonal populations contained all four subsets, and many contained two or three.
Large clonal populations were more likely to contain multiple subsets. The clonal populations that contained all four subsets had a median of 352 cells, whereas the populations that contained only one had a median of 10 cells (Fig. 2F) . No relationship was observed between the size of a clonal population and the frequency of cells in it that divided seven or more times (Fig. 3, A  and B ). This finding pointed toward cell death as a basis for the differences in clonal population size. Consistent with the idea that cell death limits population size, most clonal populations contained less than 20% of the minimum number of daughter cells expected based on their CFSE profile (Fig. 3C ). This effect was not uniform across all populations. Large clonal populations that contained all four subsets exceeded the expected minimum number of daughter cells, whereas the small populations that contained only one subset had a median of only 12% (Fig. 3D ). These results suggested that the multipotentiality of a single naïve B cell was related to the production of progeny resistant to cell death. This idea was tested using B cells lacking the proapoptoticmediator Bim (19) . Bim-deficient and wild-type B cells fluxed calcium and proliferated equally in response to BCR signaling in vitro ( fig. S3 ). Single Bim-deficient, APC-specific, naïve B cells, however, produced 3.4-fold more progeny than wild-type clones (P < 0.0001, compare Fig. 2C to Fig. 3E ) in response to APC immunization. Bim-deficient clones were also more likely to produce multiple effector cell subsets (Fig. 3F) , especially those containing plasma cells, GC cells, and AP cells (Fig. 3G) . Unlike wild-type clones, Bim-deficient clonal populations showed a significant correlation between the number of cells and cell division (Fig. 3B) , suggesting that they experienced less apoptosis. Consistent with apoptosis limiting population size, most Bim-deficient clones approached or exceeded the minimum number of daughter cells expected based on their CFSE profile (Fig. 3C) . Thus, the capacity of a single naïve B cell to produce many effector cells and multiple subsets appears to be limited by Bim-mediated apoptosis, although suppression of proliferation by Bim could also contribute.
The multipotentiality of a single naïve B cell could also be influenced by BCR affinity for antigen. This was tested by comparing the response of single BCR transgenic MD4 B cells to highaffinity (HEL) or medium-affinity (DEL) antigens to that of activation-induced cytidine deaminase (AID)-deficient APC-specific B cells (Fig. 4, A and  B) , which like MD4 cells are unable to undergo class switching (20) . Single AID-deficient APCspecific B cells produced a similar number (compare Fig. 2C to Fig. 4B ) and diversity (Fig. 4C ) of effector cells as their wild-type counterparts, indicating that class switching does not play a major role in differentiation at the early time point analyzed in these experiments. In contrast, single naïve MD4 cells stimulated with HEL or DEL produced more progeny than single APC-specific cells stimulated with APC (Fig. 4, A and B) . 58% of HEL-stimulated single MD4 cells produced only plasma cells and GC cells, a combination that occurred in few clonal APC-specific B cell populations (Fig. 4C) . This idiosyncrasy was related to BCR affinity, because only 12.5% of single MD4 cells produced this pattern when stimulated with the lower-affinity antigen DEL (Fig. 4C) . In addition, HEL-stimulated clones generated more plasma cells and fewer memory cells than DEL-stimulated clones (Fig. 4D) , which is consistent with earlier work in the MD4 system (5, 8) .
The tendency of clones with higher-affinity BCRs to produce plasma cells was also observed in the polyclonal repertoire. BCR affinity for antigen was indirectly measured as the amount of APC bound to memory cells, which express BCR at levels similar to naïve cells ( fig. S1A ). Among the APC-specific clones that produced memory cells, those that also produced plasma cells bound more APC than those that did not (Fig. 4E) . Together, these data indicate that BCR affinity for antigen influences the precise effector cell pattern produced by a naïve B cell.
Overall, our results demonstrate that individual naïve B cells vary greatly with respect to the number and types of effector cells generated early during the primary response, as reported for naïve T cells (10) (11) (12) (13) . Analogous to CD4 + T cells (12) , the precise effector cell subset pattern produced by a single naïve B cell was influenced by BCR affinity for antigen. Unlike T cells, however, many individual naïve B cells only produced a single type of effector cell, which was associated with Bim-mediated apoptosis. This situation could come about because naïve B cells are biased toward the production of only one subset (9) . The progeny of different clones may then experience different levels of trophic signals from T cells or cytokine receptors. Some clonal populations may prematurely stop receiving these trophic signals, resulting in apoptosis of some of their members and cessation of further differentiation. Other cells that continued to receive trophic signals may be protected by these signals from apoptosis, allowing further proliferation and the generation of additional effector cell subsets. Together, the combination of extrinsic heterogeneity in trophic signals and intrinsic heterogeneity in BCRs expressed by the population of naïve B cells specific for an antigen ensures that a diverse set of effector cells types is produced during the primary response.
